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Therefore, the goal of the present study was to determine in detail how the mode of contraction (isovolumic vs. ejecting) impacts on both peak strength and the time course of ventricular contraction throughout the entire beat. The strategy used to accomplish this goal was to compare left ventricular pressure (LVP) waves measured during ejecting contractions with those predicted from directly measured instantaneous isovolumic pressure-volume relationships (PVRs). Studies were performed on isolated supported canine hearts in which the left ventricle alternately ejected into a computer-simulated windkessel impedance afterload (29) and contracted isovolumically.
The analysis reveals how the time course of contraction is altered by the mode of contraction (ejecting vs. isovolumic), by variations in the ejection flow pattern, by variations in ejection fraction (EF), and, for isovolumic beats, by variations in ventricular volume. Significantly, each of the principal findings of this study contradicts predictions of the time-varying elastance [E(t)] -internal ventricular resistance (Ri) model of ventricular contraction. By pointing out specific limitations of the E(t)-Ri theory, the data provide important qualitative and quantitative guidelines that may be useful in generating a new theory of ventricular dynamics.
METHODS

Surgical preparation.
A total of eight isolated canine hearts were studied by procedures that were similar to those described previously (3, 13, 16, 26, 28) . In brief, two mongrel dogs were anesthetized with pentobarbital sodium (30 mg/kg iv). The femoral arteries and veins of one dog ("support dog") were cannulated and connected to a perfusion system used to supply oxygenated blood to the isolated heart. This dog was medicated with hydrocortisone (500 mg im), diphenhydramine (50 mg iv), and indomethacin (25 mg pr). Heparin (5,000 U iv bolus) was administered after the arteries and veins were cannulated with the tubing of the perfusion system. In addition, a continuous infusion (1 ml/min) of the following solution was provided to the support dog to enhance stability of the level of anesthesia and metabolic state (all ingredients added to 500 ml of Ringer solution): 10 mg NaHCO,; 1.25 g pentobarbital; 40,000 U heparin; 1 g hydrocortisone; 50 mg indomethacin; 50 mg diphenhydramine; 2 g ampicillin; and 80 mg gentamicin. The second dog ("heart donor dog") was mechanically ventilated, a midline sternotomy was performed, and the heart was removed while the heart donor dog was metabolically supported by arterial flow from the support dog. The left atrium was opened, and all the chordae tendineae were freed from the mitral valve leaflets. A metal adapter that held the isolated heart to the ventricular volume servo-pump system (described in Impedance loading system) was sutured to the mitral ring. A cannula with side holes was placed through the right ventricular apex to allow drainage of coronary venous blood. When the surgical preparation was complete, a water-filled balloon, connected to the servo-pump system, was placed inside the left ventricular cavity. A micro-H900 LOAD AND VENTRICULAR DYNAMICS manometer (Millar PC 380) placed inside the balloon measured LVP. Pacing electrodes were sutured to the apex of the left ventricle, and the heart was paced at a rate lo-15 beats/min higher than the spontaneous rate (mean paced rate, 110 t 13 beats/min). A bipolar surface electrocardiogram (ECG) was measured between two electrodes sutured to the surface of the heart. Mean right and left ventricular weights were 52 t 7 and 135 * 14 g, respectively.
The coronary arterial pressure was controlled by a two-pump servo system (3) that maintained total flow from the support dog constant and independent of the flow demand of the isolated heart. The temperature of the perfusate was maintained at -37OC by a heat exchanger. The support dog was given sodium bicarbonate or oxygen or supported by mechanical respiration as dictated by the results of periodic blood gas determinations (every 30-45 min).
Impedance loading system. A computer-controlled ventricular volume servo system was used to impose a windkessel impedance load on the isolated heart. Details of its design and performance were similar to those reported previously (29) . In brief, a digital computer was programmed with the differential equations of the three-element windkessel model of aortic input impedance. This model has been shown to provide a reasonable representation of input impedance spectra of real arterial systems for simulating many aspects of aorto-ventricular coupling (2). There are three parameters in the model that determine the impedance: a proximal, series resistance (R,); peripheral arterial resistance (R,); and arterial compliance (C,). The computer digitizes the instantaneous LVP and calculates the appropriate instantaneous flow out of the ventricle for the specified aortic impedance. The flow signal is integrated digitally and converted to an analog signal, which is used as the command signal for the volume servo system. The values of the three windkessel parameters can be changed from the computer keyboard, providing a means of altering afterload impedance. The ventricle fills during diastole in response to a simple computer-simulated preloading circuit consisting of a pressure source and filling resistance (29) . The mode of contraction can be switched to isovolumic at a predetermined time during the cardiac cycle by a timing circuit that interfaces with the computer. Experimental protocol. The basic protocol is outlined in the original experimental recordings presented in Fig. 1 . The volume servo system was set so that the left ventricle ejected from the desired preload volume and against the desired afterload impedance. After a steady state had been reached, the mode of contraction was switched to isovolumic at a preselected time during filling. LVP, left ventricular volume (LVV), and ECG signals of the last few ejecting beats and first isovolumic beat were digitized (1-kHz sampling frequency) and stored on diskette for off-line analysis. The mode of contraction was then switched back to ejection with the original afterload settings, and the procedure was repeated between two and four times at different isovolumic clamping volumes (as shown in Fig. 1 ) so that isovolumic data were obtained at between three and five different volumes. The largest volume at which a clamp was applied was the end-diastolic volume (EDV), whereas the smallest volume was the ESV; other clamp volumes were set at intervals between 5 and 10 ml. This entire procedure took between 5 and 10 min. Stability of the preparation over this brief period was evaluated by superimposing pressure-volume (P-V) loops obtained during the ejecting period just preceding each clamp. Data were excluded if there was either >l ml variation in volume at any time or >4 mmHg variation in ventricular pressure at any time during the beat. With the use of these criteria, only 4 runs had to be excluded to obtain a total of 42 runs, which comprise the data base for this study. Useful data were obtained from each of the eight hearts studied. ings. For each afterload setting, volume clamps were imposed at different times during filling to obtain several isovolumic pressure waves spanning stroke volume. Only 1st beat after isovolumic clamp was used in analysis.
The procedure just outlined, which defines one experimental run, was repeated for a number of specifically chosen afterload impedances that were considered to span a broad range of conditions encountered physiologically. First (n = 6), three afterload conditions were chosen that resulted in the same stroke volume from the same EDV but different ejection patterns: 1) a relatively short, rapid, flow wave; 2) a longer and less rapid flow wave starting early in systole; and 3) a longer and less rapid flow wave starting late in systole. EF was set at -40% for this protocol. These different flow patterns were achieved by varying each of the windkessel parameters in a systematic way. The order in which the various afterloads were tested was varied randomly between experiments. This protocol is important, since it is believed from studies of isolated muscles that both the velocity of shortening and the time during the cycle at which length changes occur can significantly influence myocardial performance. Thus by performing this protocol we can determine whether the changes we observe in ventricular performance between isovolumic and ejection contraction modes are peculiar to one time course of ejection or whether they apply over a broad range of flow time courses such as may be encountered in animals of different ages or with various disease states.
A second group (n = 6) of loading conditions was chosen to provide a wide range of EFs from a fixed EDV. This was achieved by varying the windkessel R,. Data obtained from different hearts were pooled on the basis of EF as follows: group A, 20-30%; group B, 30-40%; group C, 40-50%; and group D, LOAD AND VENTRICULAR DYNAMICS H901 50-60%. The order in which the different EFs were examined was varied randomly between experiments.
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After &In*, was determined, an updated prediction of the ejecting LVP waveform [LVPpred 2(t)] '
was generated by incorporating the Ri as follows (22) ing the contraction, the ventricular pressure of each isovolumic was then estimated by dividing the LVPpred,, at the onset of ejection by that value of Ri. beat was plotted vs. the respective ventricular volume (LVViso), and a quadratic function was fit to the data points After &In*, was determined, an updated prediction of the ejecting LVP waveform [LVPpred 2(t)] '
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The instantaneous difference between LVP, and LVPpred waveforms were defined as follows where t is time during the contraction, LVP(t) is the instantaneous LVP, and ar( t), p(t) and y(t) are the instantaneous values of the quadratic parameters. The instantaneous PVRs derived in this manner were assumed to hold only over the range of in this manner were assumed to hold only over the range of volumes spanned by the measurements, and there was never any volumes spanned by the measurements, and there was never any extrapolation of the relations outside of that range. Examples of extrapolation of the relations outside of that range. Examples of these relations determined at several times during the contracthese relations determined at several times during the contraction are shown in the bottom panels of The instantaneous difference between LVP, and LVPpred waveforms were defined as follows
An initial prediction of the LVP waveform for the ejecting conditions [ LVPpred I (t )] was generated using the parameters of the instantaneous PVR determined under isovolumic conditions and the measured time course of change of LVV
FJYn(t)l
Plots of AP as a function of time allowed comparison of the effects of different afterloads on the dynamics of ventricular pressure-generating capacity.
The next step in the analysis was to estimate Ri. Previous studies (14, 22, 32) 
(t) = a(t)LVV,(t)2 + P(t)LVV,(t) + y(t) = CY(t)LVV,(t)2 + P(t)LVV,(t) + y(t)
(2) of the pressure wave at a level of 10% peak developed pressure @) (D,,). 7 was determined by fitting an exponential function to The next step in the analysis was to estimate Ri. Previous the pressure wave starting at the point at which dP/dt had studies (14, 22, 32) have shown that Ri varies with ventricular reached its maximal negative value (P,) and ending at the point pressure, and the relationship has the form when developed pressure had fallen to 10% of its peak value Ri = LVPis,/Q,,x (3) P(t) = (PO -P,)e+ + Pm (6) where LVPiso is the pressure expected from the instantaneous isovolumic PVRs and Qrnax where P, is the measured pressure attained at end diastole and is the extrapolated flow at which t is time from the point at which PO occurs. Use of Eq. 6 with P, LVP is predicted to be 0 mmHg. For our case, LVPiso is equivalentl to ~vp,,ed 1. Lx directly measured (instead of chosen by least-squared regression was estimated as follows. The instanta-, analysis) has been shown to provide values of 7 that correlate 180
Isovolumic pressure waveforms were characterized by three parameters: time to end systole (tes, defined as the point of maximal pressure), time constant of relaxation (T), and duration of the pressure wave at a level of 10% peak developed pressure (D,,). 7 was determined by fitting an exponential function to the pressure wave starting at the point at which dP/dt had reached its maximal negative value (P,) and ending at the point when developed pressure had fallen to 10% of its peak value P(t) = (PO -P,)e+ + Pm (6) where LVPiso is the pressure expected from the instantaneous isovolumic PVRs and Qrnax is the extrapolated flow at which LVP is predicted to be 0 mmHg. For our case, LVPiso is equivalentl to ~vp,,ed 1. Lx was estimated as follows. The instanta-, where P, is the measured pressure attained at end diastole and t is time from the point at which PO occurs. Use of Eq. 6 with P, directly measured (instead of chosen by least-squared regression analysis) has been shown to provide values of 7 that correlate a. 6o > -I closely to values obtained using other mathematical methods of quantifying 7 (34) . Ejecting contractions were analyzed in a similar manner but, to account for the impact of changing volumes on the pressure wave during the contraction, the three characterizations were determined based on an index of instantaneous chamber stiffness: LVP( t)/[LVV(t) -V,], where V0 is the volume axis intercept of the end-systolic PVR and was determined once during the experiment by varying preload in ejecting contractions and applying linear regression to the upper left corner of the P-V loops. This ratio is equivalent to the time-varying elastance as it was originally proposed (25) [and will be referred to as E(t)] but should be distinguished from the instantaneous PVRs defined and used in Eqs. 1, 2, and 4. As will be shown by the results of this study, E(t) as defined by LVP(t)/[LVV( t) -V,] does not have the originally reported property of being able to interrelate instantaneous LVP and LVV under varying loading conditions (25) . Rather, this E(t) is used in the present study simply as a description of the time-varying physical properties (related to stiffness) of the ventricle throughout the cardiac cycle.
The point at which maximal E(t) occurred (&) corresponds roughly to the upper left corner of the P-V loop. Note that this is comparable to the definition of t,, used for the isovolumic contractions (i.e., time to peak LVP) only to the extent that on isovolumic beats E(t) is simply a scaled version of the LVP(t) curve. The 7 value was determined from the point when the dZZ(t)/dt function had attained its maximal negative value to the point when E(t) had fallen to 10% of its peak value, with E, directly measured. Note that for isovolumic beats use of the LVP( t) and E(t) will provide identical values for 7, since volume is constant. For the ejecting beats, use of E(t) allows one to directly measure E, (i.e., E(t) at the end of the beat). The calculation is otherwise based on data from the isovolumic relaxation period which, when transformed into elastance, will be equivalent to the pressure wave except scaled by the ESV. Thus the only reason to use E(t) is to provide a value of E, so that the methods used to calculate 7 will be as equivalent as possible for isovolumic and ejecting conditions. D10 was defined as the duration of the E(t) function at a level of 10% peak developed E(t)
Comparisons of peak chamber stiffness between isovolumic and ejecting beats were made by determining changes in endsystolic elastance (E,,), defined as the peak value of the E(t) function. Percent changes in E,, between ejecting (E,, ej) and isovolumic (Ees,iso) conditions were referred to as A&, ' A% = IOO(E,, ej , -Ees iso) lEf3 is0
Quantification of this parameter was considered important in addition to the AP(t) functions (Eq. 5), since the latter can be large in the presence of small changes in the time course of chamber stiffening without any significant difference in the peak chamber stiffness. This was considered important for the additional reason that E,, has been proposed to be an important determinant of many aspects of overall cardiac performance, independent of the time course of chamber stiffening (30) . The entire analysis was accomplished using custom-designed software. All statistical computations, detailed below, were performed using commercially available software (SY STAT, Evanston, IL). In all cases, pooled values are means t SD and P values < 0.05 were considered statistically significant.
RESULTS
Characteristics of isovolumic pressure waves and instantaneous isovolumic PVRs. The hearts studied in this experiment exhibited similar behavior to those reported previously from our laboratory (3, 13, 28) in that endsystolic pressures of ejecting beats were typically greater than the peak LVP of isovolumic beats contracting at the same ESV. This is illustrated in the typical example shown in Fig. 1 (bottom right) on the P-V plane, and in Fig. 2 (top) in the time domain where the dashed line shows LVP of the ejecting contraction superimposed on the isovolumic LVP waves (solid lines).
There are two important features of the isovolumic beats readily identifiable from the waveforms presented in Fig. 2 . First, the time to peak pressure decreases significantly as the volume of the clamp was decreased. Second, there is a marked reduction in the duration of contraction with decreasing volume. A third feature, not easily appreciated directly from Fig. 2 , is that there is a small decrease in the time constant of relaxation, 7, as volume is decreased (discussed in detail below).
The volume dependence of isovolumic LVP wave characteristics for a typical experiment are summarized in Fig. 3 . These results represent data from 20 isovolumic clamps obtained from several different afterload impedances which provided a wide range of EFs; in each case, the EDV of the ejecting beat was 40 ml. As shown, over a roughly 25.ml volume range tes varied by about 30 ms 
Dlo varied by -60 ms (-ES%), and 7 varied by about 5 ms (-15%).
The results of such analyses performed on data from all eight hearts are summarized in Table 1 , which presents the means t SD of slope and intercept and the range over which 9 varied among the eight hearts for each parameter. For teu and DlO, the impact of EDV was statistically significant in each of the eight hearts. For 7, however, the relationship was significant (P < 0.05) in four hearts, of borderline significance in two hearts (0.05 < P < O.l), and of no significance in two hearts (P > 0.2). The inconsistent findings with regard to 7 may reflect the fact that the changes, even when present and of statistical significance, are small in magnitude.
The impact of these volume-dependent changes in ventricular performance on the instantaneous PVRs is shown in Fig. 2 (bottom) , in which PVRs are plotted for selected times during the contraction.
In early systole (O-20 ms), the PVRs are either linear or have a slight convexity to the volume axis; during this period LVP is rising rapidly at each volume. However, as time proceeds from the end of systole, the volume dependence of the commencement of relaxation and overall duration of contraction causes the PVRs initially to become concave to the volume axis and then convex.
General features of differences between pressure waves measured during ejection and those predicted from isovoZumic PVRs. Comparisons between LVP waves measured during ejecting conditions and those predicted from the isovolumic PVRs are shown in Fig. 4 (further analysis of same data as Fig. 2 ). Figure 4 , top, shows LVV,( t) during the beat; LVP,(t) is shown by the solid line in Fig. 4 , middle. An initial prediction of LVP [LVP,,,d i(t); from Eq. 21 was made from the PVRs determined' from the isovolumic beats and LVV,(t) as detailed in METHODS;
Lvp,red 1 (t) is shown by the dotted line in Fig. 4 , middle. As is evident, LVP pred 1(t) tracks LVP,( t) until ejection starts (marked by the first vertical line), at which time it begins to exceed LVP,. However, LVP,& 1 begins relaxation significantly earlier than LVP,, resulting in a marked underestimation of pressure during the late phase of the beat and marked underestimation of the duration of contraction.
The instantaneous difference between Lvp,,ed 1 and LVP,, defined as A&(t) (dotted line, Fig. 4, bottom) , shows that peak API occurs roughly at the time of end ejection (second vertical line); at this time, LVP, is in the early stages of relaxation, whereas Values are means t SD; n = 8 hearts. 9, Correlation coefficient (range). effects of Ri. To accomplish this, a value of Qmax was determined, as detailed in METHODS (&. 3). The result is shown for the typical example in Fig. 4 , middle (dashed line). As shown, inclusion of an Ri improves the correlation between predicted and measured pressure during early ejection but failed to predict the later onset of relaxation present in LVP,. The instantaneous difference between LVP, and LVP,,,d 2, defined as AP2( t), is shown in Fig. 4 , bottom (dashed line). Neither the maximal value of AP (AP,,,) nor the time at which AP,, occurred was dependent on whether the Ri was included.
The important point to be gleaned from this analysis is that the AP(t) function reveals profound differences in ventricular dynamics between isovolumic and ejecting conditions, which begin shortly after the onset of ejection and persist until the end of relaxation. Furthermore, AP max occurs approximately at the time of end ejection.
Impact of flow contour on the difference between LVP, and LVP redo P
The impact of flow contour with fixed stroke vo ume and EDV on AP2(t) was tested in six hearts. A typical example is presented in Fig. 5 , which shows P-V loops, flow [F(t)], and AP2( t) (i.e., the prediction that includes Ri). Flat-topped PV loops (solid lines) correspond with the relatively brief, more rapid flow waves; peak-topped PV loops (dashed lines) correspond Table 2 for further analysis.
with longer, slower flow waves that started earlier in systole; round-topped PV loops (dotted lines) correspond with longer, slower flow waves that started later in systole than the peaked loops. The mean values of the windkessel parameters used to obtain these different flow contours are provided in the top portion of Table 2 , grouped by shape of the resulting P-V loops.
As shown in Fig. 5 , bottom, there was relatively little impact of flow contour on AP2( t). Results obtained from all hearts studied in this protocol are summarized in Table 2 , bottom. Statistical comparisons between groups were made using a paired t test with Bonferroni correction to account for multiple comparisons. For this group, EF averaged 39 t 5%. Parameters that characterize ventricular performance, i.e., peak chamber elastance (I&,), tes9 DIO9 and Qnax were not influenced by these afterload changes. A&, was > 0, indicating that E,, was greater during ejecting than during isovolumic contractions. There was a small but statistically significant decrease in 7 (from 27 to 23 ms) observed with round-topped PV loops. The relative constancy of these indexes of ventricular performance is significant in that it indicates, for a given stroke volume and EDV, a relative insensitivity of ventricular properties to flow patterns that can be achieved by varying windkessel afterload parameters over a broad range.
Neither AP,,, nor the time at which aP,,, occurs, parameters that characterize the impact of ejection on ventricular performance, was influenced by these variations in afterload. Again, the lack of variation in these parameters is significant in that it signifies, for given stroke and EDVs, that the differences between isovolumic and ejecting contractions are not significantly dependent on the flow patterns over the range of patterns tested. Note also the close correlation between the time of end ejection and the time at which AP,,, occurred, both of which were greater than tes.
Impact of EF on LVP waveform characteristics and on the difference between measured and predicted LVP. EF was varied between 20 and 60% from fixed EDVs in six hearts. LVP wave characteristics were determined and pooled according to deciles of EF as detailed in METHODS. Characteristics of the LVP waveforms measured during ejecting beats, isovolumic contractions at EDV, and isovolumic contractions at the ESV are summarized in Fig.  6 . Note that, because EDV is fixed between EF groups, ESV decreases as EF increases. The Duncan multipleranges test was used to test for statistical significance of differences between values within each EF group but dif- 6 . Summary of c lmparisons from 6 experiments of LVP wave characteristics measured during steady-state ejecting beats, isovolumic beats at end-diastolic volume (EDV), and isovolumic beats at the end-systolic volume (ESV). In both cases, isovolumic beats analyzed are 1st beat after the switch from ejecting conditions. D10 is duration of contraction at 10% peak developed pressure for isovolumic beats and at 10% peak developed elastance for ejecting beats. ferent loading conditions and between like conditions but different EF groups.
The &s value (Fig. 6, top) of isovolumic beats was longer at the EDV than ESV and, consistent with data presented above (Fig. 3 and Table 1 ), this difference increased as EF increased (i.e., as ESV decreased). The tes value of ejecting beats was much greater than that observed during the isovolumic contractions. It was notable, however, that tes did not change significantly as EF was changed over the range tested.
Values for 7 (Fig. 6 , middle) measured during isovolumic contractions tended to be lower at ESV than at EDV, although, by statistical analysis, these differences were not significant. In each EF group, 7 was significantly lower during ejecting beats than during isovolumic contractions at either ESV or EDV (except in group A, where 7 values measured during ejection and at the ESV were not significantly different). In addition, there was a statistically significant decrease in 7 observed as EF was increased.
Under isovolumic conditions, Dlo (Fig. 6, bottom ) was greater at EDV than at ESV with a difference that increased with the EF group. Dlo values of ejecting beats were uniformly greater than those of isovolumic beats at the ESV. There was a trend for D10 of ejecting beats to be less than Dlo of the isovolumic contractions at EDV (e.g., as in Fig. 2) ; however, this was consistently observed, and therefore statistically significant, only in EF, group D.
The impact of EF on other parameters of the analysis is summarized in Table 3 . AZ&, was significantly greater than 0 in groups A, B, and C, indicating enhanced peak elastance in ejecting beats, but was not significantly different from 0 when EF was >50% (group D). Q,,, did not vary significantly with EF, although there was relatively large interanimal variability. AP,,, was not significantly influenced by EF. The time at which AP,,, occurred was significantly greater than tes of the ejecting beats (see Fig. 6 ) but was very close to the time of end ejection in all EF groups. The relative insensitivity of the magnitude and timing of AP,,, to EF indicates that this index serves simply, although importantly, to show that the impact of ejection on ventricular dynamics persists as EF is varied between 20 and 60%. It is noteworthy that differences between the time courses of LVP, The data presented above demonstrate how contraction dynamics differ I) in isovolumic beats when volume is changed and 2) between ejecting and isovolumic beats. What if contraction dynamics in ejecting beats are dictated by the conditions set up early after the initiation of the beat, at a time before the onset of ejection? If such were the case, the contraction dynamics might be more related to the pressure waveform of the isovolumic beat at the EDV. To test whether this alone could explain the differences between the two curves, data were manipulated by computer as illustrated in Fig. 7 , which shows further analysis of data presented in Figs. 2 and 4 . The pressure waveform measured at the end-diastolic ventricular volume (tracing with highest peak pressure in Fig. 2, top) was designated as the reference pressure waveform. The other two curves were replaced by scaled versions of the reference waveform with scaling factors and offsets chosen so that the resulting curves would have the same peak and minimum pressures as in the originally recorded data. The results for this typical example are shown in Fig. 7 , top. These modified curves, which now all have the same characteristics (i.e., same tes, 7, and Dlo values) were used to define the isovolumic PVRs. New Values are means t SD; n = 6 hearts. Statistical comparisons between groups made by Duncan multiple-range test. * Significant difference compared with group A (P < 0.02). t Significant difference compared with group B (P < 0.005). $ Value statistically different from 0 by Student's t test (P < 0.01). EF, ejection fraction. Impact of EF on tes, r, and D10 summarized in Fig. 6 . Time (ms) Fig. 7 . Further analysis of data presented in Figs. 2 and 4 to test the hypothesis that differences between LVPm and that LVP,,,d based on Eq. 4 (LVPpred 2) could be explained purely based on volume dependence of isovolumic pressure waveform characteristics. Top: isovolumic pressure waves measured at lower 2 volume clamps were manipulated to have same characteristics as those measured at highest volume. A&We: there are still marked differences between LVPm (solid line) and Lv ppred (dotted line). Bottom: instantaneous difference between measured pressure and that predicted from modified isovolumic pressure waves. Compared with AP(t) shown in Fig. 4 , APmax is less and occurs sooner (before end ejection); also, AP(t) now assumes negative values by midrelaxation. See RESULTS for further details.
values of ac( t), p(t), and y(t) were determined and substituted into IQ. 2, and a new prediction of LVP for the ejecting beat was obtained from Eq. 4 . The results, shown in Fig. 7 , middle, make three points. First, pressure-generating capacity is still significantly enhanced during the ejection period compared with LVP,,,d 2. Second, it is now easily appreciated that the time course of relaxation after ejection is markedly accelerated (decreased T) in LVP, compared with that predicted based on the isovolumic pressure waves. Third, the duration of contraction, which depends on tes and 7, is only minimally decreased during ejecting conditions.
The instantaneous difference between LVP,( t) and LVP *red 2( t ) [ AP( t ) in Fig. 7 , bottom] has several different features'from the original AP2( t) (i.e., as in Fig. 4) . First, AP max is reduced by over half its original value. Second, the time at which AP,,, occurs has been shifted forward in time to occur significantly before end ejection (end ejection denoted by vertical line in Fig. 7, bottom) . Finally, AP( t) takes on negative values in the latter part of relaxation. Thus this analysis clearly shows that changes in the time course of the isovolumic pressure waves contribute to, but alone do not account for, the differences between LVP, and LVP,,ed 2* ,
DISCUSSION
The present study focused on elucidating the interrelationship between the load dependence of the strength of contraction and the dynamics of contraction throughout the cardiac cycle. As reported previously (13, 28) , peak strength, indexed by E,,, was significantly greater during ejection than on the first beat after a switch to the isovolumic mode of contraction, except when EFs exceeded 50% (see tie, values in Table 3 ). Moreover, as revealed by the AP( t) functions and values of AP,a,, instantaneous pressure-generating capacity on ejecting beats was greater than that predicted from isovolumic beats starting at a point early after the onset of ejection and persisting until the end of relaxation; this finding was independent of EF over the range tested (20-60s). AP( t), the instantaneous deviation between measured and predicted pressures, increased markedly as ejection proceeded and typically reached as high as 45-65 mmHg; this was in large part because of the marked prolongation of the time to peak E(t) in ejecting beats. Significantly, the peak difference between pressure measured on ejecting beats and pressure predicted from the isovolumic contractions occurred at the end of ejection.
Within the range of EFs tested, relaxation was markedly accelerated in ejecting beats compared with isovolumic beats. Thus despite the prolongation of the time to end systole, the overall duration of ejecting contractions was LOAD AND VENTRICULAR DYNAMICS H907 usually less than those of isovolumic beats contracting at the same EDV (with the difference becoming statistically significant at large EFs). For a given EF and EDV, the deviations in contraction dynamics between isovolumic and ejecting beats were not strongly influenced by changes in the ejection flow pattern that could be achieved by varying the windkessel parameters over a broad range. Finally, in contrast to previous studies of isolated canine ventricles (25) , a significant volume dependence of the isovolumic pressure waveform characteristics was identified. As a result, the shape of the instantaneous isovolumic PVRs varied markedly during the beat, particularly during the relaxation phase of the cardiac cycle. This was shown to only partially explain the differences between measured and predicted pressure waveforms during the ejecting beats (Fig. 7) . Relation to previous phenomenological descriptions of ventriculur dynamics. Only recently has it come to be appreciated that contractile strength can be enhanced by ejection. This observation has now been made in a number of experimental settings (3, 5, 13, 15, 16, 28, 32) . The mechanisms underlying this phenomenon have not been elucidated.
It has long been recognized that tes varies between isometric and isotonic contractions of isolated cardiac muscle (12, 23, 24) . This phenomenon was also noted by Elzinga and Westerhof (7) and Hisano and Cooper (10) for muscles loaded in a physiological manner. Consistent with our findings in the intact ventricle, Hisano and Cooper (10) further showed that tes of isometric contractions increased with increasing muscle length and that tes of shortening contractions was greater than tes of isometric contractions. It is important to note that these shortening-mediated differences in tes observed in numerous cardiac muscle preparations were present despite the fact that the end-systolic force-length relationship was the same for the shortening and isometric conditions (i.e., no shortening-mediated enhancement of endsystolic contractile strength). One possible reason for a lack of such enhancement of contractile strength may relate to increased contributions of factors that decrease the force of shortening muscles (e.g., the forcevelocity relation and shortening deactivation) in the crystalloid-superfused muscle compared with the bloodperfused heart; crystalloid superfusion is known to cause intracellular and interstitial edema, which can alter mechanical performance of myocytes. Length dependence of tes, as well as the duration of contraction, also appear to be present in isolated muscles in which sarcomere length is kept constant during the contraction (see Ref. 31, Fig. 4) .
At the ventricular level, Hunter (13) reported, as in the present study, a significant prolongation of tes in isolated dog hearts with EFs between 10 and 60% compared with the first beat after a switch to isovolumic conditions at the ESV. Elzinga and Westerhof (7) showed that afterload impacts on t,, in a similar manner for steady-state conditions in isolated cat hearts. Thus the phenomenon is not restricted to the first beat after a change to an isovolumic mode of contraction.
Whereas observations regarding the impact of load on the total duration of contraction have received less attention than other features of the cardiac cycle, it is readily apparent in force tracings obtained from isotonically contracting cardiac muscle that overall duration is influenced by afterload (1). Our findings show that, whereas contractile strength can be enhanced during ejection, in part because of prolongation of the time to peak chamber elastance, this is compensated for by acceleration of relaxation so that ejection does not prolong the total duration of contraction. Thus a coordination between events occurring during systole and diastole makes it possible for the heart to prolong and enhance contractile activity (which undoubtedly imparts a beneficial effect on its ability to eject blood) without impinging on the duration of diastole, which can affect ventricular filling. The impact of loading conditions on the rate of ventricular relaxation has been studied in many settings. Consistent with the present study, two prior reports indicated that relaxation is accelerated on ejecting compared with isovolumic beats (27, 33) . Results of several studies of in situ and isolated hearts have revealed that relaxation is slowed as afterload pressure is increased (8, 17, 2l) , which is consistent with our finding that 7 increases significantly as EF was decreased (i.e., as R, is increased; see Fig. 6 ). Hori et al. (11) showed that, in addition to pressure generation, the time at which ejection occurs can impact on relaxation. When ejection occurs early in contraction, 7 is greater than when ejection occurs late in the contraction. This is in part consistent with results shown in Fig. 5 and Table 2 demonstrating that peaked P-V loops, in which ejection starts early, have a larger 7 than in the rounded P-V loops, which have a later start of ejection. However, flat P-V loops, which also have a later start of ejection, had the same 7 as the peaked loops.
There is a very extensive and complex literature pertaining to the determinants of relaxation in isolated cardiac muscle (see Ref. 1 for recent review). In general terms, results appear to complement the findings in intact hearts. Generally speaking, at a fixed preload, relaxation of isotonic contractions is accelerated as the afterload force decreases. It is significant that the behavior of the intact heart is similar to isolated muscles for understanding the mechanisms underlying the phenomena (see below).
Relation to a previous study of the impact of load on the dynamics of contraction. The impact of load on the dynamics of contraction was assessed in the present study by examining the AP(t) function (Q. 4) throughout the cardiac cycle. In a recent study, Campbell et al. (4) examined a similar function, called P,J t), defined as the instantaneous difference between measured LVP and LVP predicted from a simplified E(t)-Ri model. That study, however, was performed in an in situ rat heart preparation in which isovolumic contractions could be observed at only one volume, namely, the EDV. Therefore, their analysis had to be based on the assumption that the instantaneous isovolumic PVRs followed the ideal theory, i.e., that the E(t) function could be represented by a scaled version of the single isovolumic pressure waveform [LVPiso( t)] , that the instantaneous
